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The Oxygen Ratio: 

A Fuel-Independent Measure of Mixture Stoichiometry 

C.J. Mueller, M.P.B. Musculus, L.M. Pickett, W.J. Pitz, and C.K. Westbrook 

 

Abstract 

The pollutant-formation characteristics and other properties of a combustion reaction 

typically depend strongly on the proximity of the mixture to its stoichiometric condition, i.e., the 

“mixture stoichiometry.”  A quantitative, widely applicable measure of this mixture property is 

therefore a critical independent variable in the study of combustion systems.  Such a parameter 

enables the clear separation of mixture stoichiometry effects from other effects (e.g., fuel 

molecular structure, product temperature, diluent concentration, pressure).  The parameter most 

often used to quantify mixture stoichiometry is the equivalence ratio.  Unfortunately, the 

equivalence ratio fails to properly account for oxygen in oxygenates, i.e., compounds that have 

oxygen chemically bound within the fuel molecule.  This manuscript introduces the oxygen ratio, 

a parameter that properly characterizes mixture stoichiometry for a broader class of reactants 

than does the equivalence ratio, including oxygenates.  A detailed definition of the oxygen ratio 

is provided and used to show its relationship to the equivalence ratio.  The definition is also used 

to quantify errors involved when the equivalence ratio is used as a measure of mixture 

stoichiometry with oxygenates.  Proper usage of the oxygen ratio is discussed and the oxygen 

ratio is used to interpret results in a practical example. 

 

Keywords: oxygenate; equivalence ratio; oxygen ratio 
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1.  Introduction 

The properties of a combustion reaction (e.g., adiabatic flame temperature, flame speed, 

product concentrations) typically depend strongly on the proximity of the mixture to its 

stoichiometric condition.  A mixture is said to be at its stoichiometric condition when the ratio of 

fuel to oxidizer is such that all fuel and oxidizer could be completely converted to stable product 

species.  A quantitative, widely applicable measure of the proximity of a mixture to its 

stoichiometric condition is therefore a critical independent variable in the study of combustion 

systems. 

Many parameters are used, either implicitly or explicitly, to quantify “mixture 

stoichiometry” (i.e., the proximity of a mixture to its stoichiometric condition).  Although mass 

and mole fractions of certain species may correlate with mixture stoichiometry for certain 

mixtures, it is easy to show that they are not general measures of mixture stoichiometry.  

Similarly, the carbon-to-oxygen atomic ratio is not a general measure of mixture stoichiometry 

because it neglects the oxidation of hydrogen.  On the other hand, the equivalence ratio is widely 

used to quantify mixture stoichiometry.  The equivalence ratio is denoted φ and defined as 

( )
( )

stof

of

mm
mm

≡φ          (1) 

where mf and mo are the masses of fuel and oxidizer in the mixture, respectively, and the 

subscript st indicates evaluation at the stoichiometric condition [1,2].  It will be shown below 

that φ is an accurate measure of mixture stoichiometry under some conditions, for instance when 

the fuel is a hydrocarbon (i.e., composed of only hydrogen and carbon atoms).  However, φ is not 

necessarily an accurate measure of mixture stoichiometry when oxygenated fuels are used.  An 
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oxygenated fuel is defined as one that has oxygen chemically bound into the fuel molecule (e.g., 

alcohols, ethers, esters).  Investigations into the potential of non-traditional fuels to reduce soot 

emissions from diesel engines have highlighted the need to define a parameter that is more 

general than the equivalence ratio to accurately measure mixture stoichiometry when oxygenated 

fuels are used [3-5]. 

The following two mixtures illustrate the problem.  The first is a fuel-rich mixture of 

methane (CH4) and oxygen (O2): 

24 2
3
5 OCH + .          (2) 

The second is a fuel-rich mixture of carbon monoxide (CO) and oxygen: 

22
15 OCO + .          (3) 

The first and second mixtures have equivalence ratios of 1.67 and 5.00, respectively.  Such very 

different equivalence ratios would suggest that the mixture stoichiometries are very different, but 

they are not.  This can be shown by considering a parameter, denoted Ω, that is defined as the 

ratio of the number of oxygen (O) atoms in a mixture divided by the number of O-atoms required 

for stoichiometric combustion of the mixture.  By definition, Ω is a direct measure of mixture 

stoichiometry. 

The CH4/O2 mixture contains 4 moles of O-atom and it would require 20/3 moles of O-

atom for stoichiometric combustion, yielding 

%60
5
3

3
20

4
1 ===Ω .        (4) 

The CO/O2 mixture contains 6 moles of O-atom and would require 10 moles of O-atom for 

stoichiometric combustion, yielding 
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Each of the mixtures has 60% of the oxygen required for stoichiometric combustion.  Thus, the 

two mixtures are equally close to their stoichiometric conditions, but they have different 

equivalence ratios.  The equivalence ratios are different because the definition of φ does not 

properly account for oxygen that is chemically bound in the fuel.  Thus, if φ were used to 

characterize the CO/O2 mixture stoichiometry, the mixture would appear significantly more fuel-

rich than it actually is. 

Because φ is such a fundamental parameter, its misrepresentation of mixture 

stoichiometry when oxygenated fuels are used can be harmfully misleading.  For example, if the 

sooting characteristics of a hydrocarbon and an oxygenated fuel are compared at the same rich 

φ-value, the oxygenated-fuel mixture will likely produce less soot.  As shown above, this is 

likely because the oxygenated-fuel mixture will actually be closer to its stoichiometric condition 

(i.e., it will be leaner) than the hydrocarbon-fuel mixture.  Without this knowledge, considerable 

effort might be spent searching for a mechanism to explain the differences in soot 

concentrations.  This manuscript resolves such problems by introducing a parameter called the 

“oxygen ratio” that provides a quantitative, fuel-independent measure of mixture stoichiometry. 

 

2.  Definition of the Oxygen Ratio 

The reactions of greatest practical importance in combustion are oxidation-reduction (or 

redox) reactions.  In redox reactions, the oxidation number of at least one element must change 

as a result of the reaction.  Oxidation numbers can be used to determine which elements in the 

reactant mixture act as oxidizers, which act as fuels (i.e., reducing agents), and which are stable.  
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Once the elements that comprise the reactant mixture are classified, the proximity of the reactant 

mixture to its stoichiometric condition can be quantified.   

The following classification procedure can be used to determine whether an element in 

the reactants acts as a fuel, an oxidizer, or a stable species.  First, the equation for the 

stoichiometric reaction must be known.  Each product of the stoichiometric reaction is called a 

saturated stoichiometric product, or SSP.  A species is an SSP if and only if the valence orbitals 

of all its constituent atoms are filled (i.e., saturated or closed-shell).  Then the oxidation number 

of each element in the SSPs is determined using established guidelines that can be found in 

textbooks on general chemistry (see e.g., [6,7]).  Elements with positive, negative, and zero 

oxidation numbers in the SSPs act as fuels, oxidizers, and stable atoms, respectively, in the 

reactants.   

Once each element in the reactants has been classified as a fuel, an oxidizer, or a stable 

atom, one could calculate a general “oxidizer ratio” by dividing the amount of oxidizer present in 

the given mixture by the amount required for stoichiometric reaction of the same quantity of fuel.  

This general procedure has been used before (e.g., see definition in Eq. 204 of [8]), and would 

apply to systems that use metallic fuels, oxidizing elements other than oxygen, etc.  While this is 

the most general measure of mixture stoichiometry, it can be challenging to implement in its full 

generality; for instance, certain elements can have many different oxidation numbers in the SSPs 

(depending on the reactants), and some reactions will have two or more elements acting as 

oxidizers of different strengths.  For these reasons, it is desirable to trade off some of the 

generality of the “oxidizer ratio” for a parameter that is simpler to use.  This parameter is called 

the oxygen ratio. 
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The oxygen ratio of a mixture is defined as the amount of oxygen in the mixture divided 

by the amount of oxygen required for stoichiometric combustion of the same quantity of fuel, 

where atoms bound in stable species are neglected.  The oxygen ratio is a valid measure of 

mixture stoichiometry in any mixture for which the SSPs are CO2, H2O, N2, and/or noble gases 

(NG).  This definition of the oxygen ratio is applicable to a broad class of combustion problems 

related to transportation, power generation, and other industrial processes.  The determination of 

mixture stoichiometry is easier within such a system because each element has a unique 

oxidation number in the SSPs.  These oxidation numbers are presented in Table 1.  Table 1 

shows that oxygen is the only element acting as an oxidizer in this system.   

The definition of the oxygen ratio requires the identification of stable reactant species.  A 

stable reactant species is defined as one that is neither a fuel nor an oxidizer.  In the discussion 

above, oxidation numbers were used to determine whether certain elements act as oxidizers, 

fuels, or stable atoms.  A similar approach is used to determine whether certain reactant species 

act as oxidizers, fuels, or stable compounds [9].  This is accomplished by calculating the sum 

 ∑≡
j

jiji snS ,           (6) 

for each reactant species i.  In Eq. 6, nj,i is the number of atoms of the jth element in the ith 

reactant species, and sj is the oxidation number of the jth element in the SSPs (taken from 

Table 1).  If Si is > 0, then the ith reactant species is a fuel.  If Si is < 0, then the ith reactant is an 

oxidizer.  If Si = 0 and the ith reactant is an SSP, then the ith reactant is a stable species.  If Si = 0 

but the ith reactant is not an SSP, then the ith reactant is a fuel.  An example of a fuel for which 

Si = 0 is the monopropellant C2H4(NO3)2.  A logic diagram for the classification of reactant 

species is shown in Fig. 1.  Note from Fig. 1 that all stable species have Si = 0, but not all species 

for which Si = 0 are stable. 
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The definition of the oxygen ratio can be extended for classes of problems where it is 

valuable to distinguish between fuel-bound oxygen and oxygen originating from the ambient 

environment.  For instance, when the combustion of an oxygenated fuel is mixing-controlled 

[4,5], a certain fraction of the oxygen required for stoichiometric combustion comes from the 

fuel, while a different fraction comes from entrained oxygen.  This motivates splitting the total 

oxygen ratio of the mixture into an oxygen ratio of the fuel and an oxygen ratio of the oxidizer.  

Consider a general reactant mixture of the form: 

∑
i

nnnnni iNGiNiOiHiC
NGNOHCa

,,,,,
        (7) 

where i is an index over all reactant species, ai is the number of moles of the ith species, and 

n[element],i is the number of atoms of [element] in the ith species.  The oxygen ratio of this reactant 

mixture is defined as: 
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where k, m, and r are indices over all fuel, oxidizer, and fuel-plus-oxidizer reactant species, 

respectively.  (In mathematical terms, if each species in the reactants has a unique index then 

indices k and m have no intersection and their union is the set of indices r.)  The first summation 

in the numerator of Eq. 8 accounts for the contribution to the total oxygen ratio from oxygen in 

all fuel species.  The second summation in the numerator accounts for the contribution to the 

total oxygen ratio from oxygen in all oxidizer species.  The summation in the denominator 

quantifies the total amount of oxygen required for stoichiometric combustion, i.e., the amount of 

oxygen required to convert all carbon to carbon dioxide and all hydrogen to water.  The first 

summation in the numerator of Eq. 8 divided by the denominator is called the oxygen ratio of the 
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fuel and is denoted Ωf.  The second summation in the numerator of Eq. 8 divided by the 

denominator is called the oxygen ratio of the oxidizer and is denoted Ωox.  Thus, the total oxygen 

ratio of a given mixture can be expressed as the sum of the oxygen ratio of the fuel and the 

oxygen ratio of the oxidizer: 

 oxf Ω+Ω=Ω .          (9) 

The distinction between oxygen from the fuel and oxygen from the oxidizer is used in the 

following section to help show how the oxygen ratio is related to the equivalence ratio. 

 

3.  Properties and Proper Use of the Oxygen Ratio 

By definition, the oxygen ratio is unity when the equivalence ratio is unity.  It can be 

shown that the relationship between the oxygen ratio and the equivalence ratio is  

φ
f

f

Ω−
+Ω=Ω

1
         (10) 

when the oxidizer species (i.e., compounds for which Si < 0 in Eq. 6) contain no hydrogen or 

carbon.  Equation 10 shows that the oxygen ratio is simply the reciprocal of the equivalence ratio 

when the fuel does not contain oxygen (i.e., Ωf = 0).  The oxygen ratios of some fuels of interest 

are presented in Table 2.  Note that Ωf cannot exceed unity because then the compound would be 

an oxidizer rather than a fuel.  Figure 2 uses Eq. 10 to show the relationship between the oxygen 

ratio and the reciprocal of the equivalence ratio for hydrocarbon fuels as well as oxygenated 

fuels with Ωf equal to 10% and 50%.  It is clear from Fig. 2 that the three types of fuels will have 

different actual mixture stoichiometries for any given φ ≠ 1.   

Using Eq. 10, the error (ε) involved when φ is used as a measure of mixture 

stoichiometry can be shown to be: 
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Error values (greater than/less than) zero indicate that a mixture is (richer/leaner) than its φ-value 

would suggest.  Figure 3 shows a plot of Eq. 11 as a function of φ for fuels with oxygen ratios of 

0%, 1%, 10%, and 50%.  For fuels with Ωf = 0 (e.g., hydrocarbon fuels), φ is a perfect measure 

of mixture stoichiometry, but errors in mixture stoichiometry can be large when Ωf ≠ 0.  Figure 3 

also shows that a non-stoichiometric mixture with Ωf ≠ 0 will always be closer to its 

stoichiometric condition than its φ-value would indicate. 

The oxygen ratio is a measure of the proximity of a reactant mixture to its stoichiometric 

condition.  This is its sole purpose, and it accomplishes this purpose for a broader set of reactants 

than the equivalence ratio.  It is not a parameter that should be expected to correlate all 

combustion observables by itself.  For example, the definition of the oxygen ratio requires that 

atoms bound in stable species are neglected.  While classified as stable, H2O and CO2 will 

participate in reactions at sufficiently elevated temperatures (e.g., water-gas shift reactions and 

dissociation).  The rate of such reactions will depend strongly on mixture temperature and other 

variables.  While the oxygen ratio may affect these variables, one should not expect to 

completely capture the physics of temperature-dependent processes with the oxygen ratio since 

the oxygen ratio is independent of temperature.  This should be kept in mind in the study of 

reactant mixtures containing large or variable concentrations of H2O or CO2 at high 

temperatures.  In such situations, additional parameters (e.g., H2O concentration, product 

temperature) should be used in the interpretation of the results.  Likewise, since the oxygen ratio 

contains no information about the arrangement of atoms within a given reactant molecule, one 

should not expect that it would capture molecular-structure effects. 
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One application that is well suited to the use of the oxygen ratio would be a comparison 

of the effects of mixture stoichiometry on adiabatic flame temperature for a hydrocarbon and an 

oxygenated fuel.  For example, consider CH4/O2 and CO/O2 mixtures like those discussed in the 

Introduction.  Figure 4 shows adiabatic flame temperature results for the two fuels, using φ and 

Ω as measures of mixture stoichiometry, for comparison.  The calculations were performed using 

the EQUIL module of the CHEMKIN software package [10], which is available from Reaction 

Design, Inc.  The initial mixture temperatures and pressures are 25°C and 101 kPa, respectively.   

Figure 4a shows what appears to be an interesting trend wherein the CO/O2 mixtures 

have higher adiabatic flame temperatures outside given lean and rich boundaries, but lower 

values within the boundaries.  This could spawn a research effort to determine the exact 

numerical values of the boundary points, reasons for the crossovers, and so on.  Figure 4b shows 

the data from Fig. 4a re-plotted as a function of the oxygen ratio.  The crossovers observed in 

Fig. 4a are gone because they were simply due to φ being an inaccurate measure of the CO/O2 

mixture stoichiometry.  Adiabatic flame temperature values for the CO/O2 mixtures are always 

less than those for the CH4/O2 mixtures when the comparison is made at the same mixture 

stoichiometry (i.e., the same oxygen ratio).  The results in Fig. 4b are consistent with the error 

analysis above that showed that a non-stoichiometric mixture with Ωf ≠ 0 will always be closer to 

its stoichiometric condition than its φ-value would indicate.  By properly accounting for the 

effects of mixture stoichiometry, the researcher can more readily focus on the reasons for the 

observed differences in adiabatic flame temperature.  Problems caused by using by φ as a 

measure of mixture stoichiometry have often occurred in studies of the sooting tendencies of 

oxygenated fuels, and will likely be important in other studies of combustion processes that use 

oxygenated fuels. 
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4.  Summary and Conclusion 

This paper shows how the equivalence ratio fails to properly quantify mixture 

stoichiometry (i.e., the proximity of a mixture to its stoichiometric condition) when oxygenated 

fuels are used.  The concept of an “oxidizer ratio” as determined from basic chemistry 

considerations was explored to resolve the problem with complete generality, but the calculation 

of such a parameter was found to be cumbersome.  The oxygen ratio was introduced as a good 

compromise between complete generality and ease of use.   

The oxygen ratio of a mixture is defined as the amount of oxygen in the mixture divided 

by the amount of oxygen required for stoichiometric combustion of the same quantity of fuel, 

where atoms bound in stable species are neglected.  The oxygen ratio is a valid measure of 

mixture stoichiometry in any mixture for which the saturated stoichiometric products are CO2, 

H2O, N2, and/or noble gases (NG).  The oxygen ratio is straightforward to calculate and yet 

general enough to apply to most practical combustion systems of interest, including those using 

oxygenated fuels. 

A detailed mathematical definition of the oxygen ratio is provided.  The definition is used 

to show the relationship between the oxygen ratio and the equivalence ratio, and to quantify the 

errors involved when the equivalence ratio is used as a measure of mixture stoichiometry with 

oxygenated fuels.  An example application is provided to show how the oxygen ratio can 

simplify data analysis when it is used as an independent variable to characterize mixture 

stoichiometry.  It is recommended that the oxygen ratio be used to quantify the proximity of a 

reactant mixture to its stoichiometric condition whenever oxygenated fuels are used.  

 



 13

Acknowledgment 

Support for the work at Sandia National Laboratories was provided by the U.S. 

Department of Energy, Office of FreedomCAR and Vehicle Technologies.  The work at 

Lawrence Livermore National Laboratory was performed under the auspices of the U.S. 

Department of Energy by the University of California, Lawrence Livermore National Laboratory 

under Contract No. W-7405-Eng-48.  The authors thank program managers Stephen Goguen and 

Gurpreet Singh for their support of this work. 

 

References 

1. K.K. Kuo, Principles of Combustion. 1st Edition, John Wiley and Sons, New York, 1986, 

pp. 34-35. 

2. I. Glassman, Combustion. 2nd Edition, Academic Press, New York, 1987, p. 20. 

3. M.P.B. Musculus, J.E. Dec, D.R. Tree, D. Daly, D. Langer, T.W. Ryan, and A.C. Matheaus, 

Effects of Water-Fuel Emulsions on Spray and Combustion Processes in a Heavy-Duty DI 

Diesel Engine, Society of Automotive Engineers Paper No. 2002-01-2892, Warrendale, PA, 

2002. 

4. C.J. Mueller, W.J. Pitz, L.M. Pickett, G.C. Martin, D.L. Siebers, and C.K. Westbrook, Effects 

of Oxygenates on Soot Processes in DI Diesel Engines: Experiments and Numerical 

Simulations. Society of Automotive Engineers Paper No. 2003-01-1791, Warrendale, PA, 

2003. 



 14

5. L.M. Pickett and D.L. Siebers, Fuel Effects on Soot Processes of Fuel Jets at DI Diesel 

Conditions. Society of Automotive Engineers Paper No. 2003-01-3080, Warrendale, PA, 

2003. 

6. D.W. Oxtoby, H.P. Gillis, and N.H. Nachtrieb, Principles of Modern Chemistry. Thompson 

Learning, Inc., 2002. 

7. S.S. Zumdahl, Chemistry. D.C. Heath and Company, Lexington, Massachusetts, 1989. 

8. S. Gordon and B.J. McBride, Computer Program for Calculation of Complex Chemical 

Equilibrium Compositions, Rocket Performance, Incident and Reflected Shocks, and 

Chapman-Jouguet Detonations, NASA Report No. SP-273, U.S. Dept. of Commerce 

National Technical Information Service N71-37775, 1971. 

9. W.M. Latimer and J.H. Hildebrand, Reference Book of Inorganic Chemistry. Macmillan, 

New York, 1951. 

10. R.J. Kee, F.M. Rupley, E.E. Meeks, and J.A. Miller, CHEMKIN-III: A Fortran Chemical 

Kinetics Package for the Analysis of Gas Phase Chemical and Plasma Kinetics, Report No. 

SAND96-8216, Sandia National Laboratories, 1996. 



 15

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Element 

Oxidation 
Number, s  

Carbon, C +4 
Hydrogen, H +1 
Oxygen, O –2 
Nitrogen, N 0 
Noble Gases, NG 0 

 
Table 1.  Oxidation numbers of elements of interest in saturated stoichiometric products (SSPs) 
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Fuel Name 
(Chemical Formula) 

Oxygen Ratio 
of Fuel, Ωf  

Hydrocarbon  
(CnHm) 0% 

Ethanol 
(C2H5OH) 14.3% 

Methanol 
(CH3OH) 25.0% 

Carbon monoxide 
(CO) 50.0% 

Nitromethane 
(CH3NO2) 

57.1% 

Ethylene glycol di-nitrite 
(C2H4(NO3)2) 

100.0% 

 
Table 2.  Oxygen ratios of some fuels of interest 
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Figure Captions 

 

Figure 1.  Logic diagram for the classification of a reactant species as a fuel, oxidizer, or stable 

compound. 

 

Figure 2.  Relationship between reciprocal of equivalence ratio and oxygen ratio for 

hydrocarbon (Ωf = 0) and oxygenated (Ωf ≠ 0) fuels, from Eq. 10.  Proximity to stoichiometric 

mixture as indicated by equivalence ratio is inaccurate and depends on fuel type when 

oxygenated fuels are used. 

 

Figure 3.  Percentage error involved when equivalence ratio is used as a measure of mixture 

stoichiometry.  Error is zero for hydrocarbon fuels, but increases rapidly when oxygenated fuels 

are used.  Error is such that a non-stoichiometric oxygenated-fuel mixture is always closer to its 

stoichiometric condition than its equivalence ratio would indicate. 

 

Figure 4.  Adiabatic flame temperatures of CH4/O2 and CO/O2 mixtures as a function of 

a. equivalence ratio and b. oxygen ratio.  Data analysis is simplified when oxygen ratio is used to 

properly account for effects of variations in mixture stoichiometry. 
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Figure 1.  Logic diagram for the classification of a reactant species as a fuel, oxidizer, or stable 
compound. 
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Figure 2.  Relationship between reciprocal of equivalence ratio and oxygen ratio for 
hydrocarbon (Ωf = 0) and oxygenated (Ωf ≠ 0) fuels, from Eq. 10.  Proximity to stoichiometric 
mixture as indicated by equivalence ratio is inaccurate and depends on fuel type when 
oxygenated fuels are used. 
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Figure 3.  Percentage error involved when equivalence ratio is used as a measure of mixture 
stoichiometry.  Error is zero for hydrocarbon fuels, but increases rapidly when oxygenated fuels 
are used.  Error is such that a non-stoichiometric oxygenated-fuel mixture is always closer to its 
stoichiometric condition than its equivalence ratio would indicate. 
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b.  
 
Figure 4.  Adiabatic flame temperatures of CH4/O2 and CO/O2 mixtures as a function of 
a. equivalence ratio and b. oxygen ratio.  Data analysis is simplified when oxygen ratio is used to 
properly account for effects of variations in mixture stoichiometry. 
 
 
 


